The electrical and optical characteristics of GaN:Mg irradiated by a pulsed KrF ͑248 nm͒ excimer laser have been studied. When an as-grown Mg-doped GaN film was irradiated by an excimer laser at an energy density of 590 mJ/cm 2 in a nitrogen atmosphere, the hole concentration was drastically increased up to 4.42ϫ10 17 cm
I. INTRODUCTION
The preparation of highly conductive p-type GaN is an essential part in the fabrication of optoelectronic devices, such as high brightness blue and green light-emitting diodes, and high power short-wavelength laser diodes. 1 To date, Mg is the only known acceptor in GaN that reliably generates a hole conduction. However, in the case of Mg-doped GaN, grown by metalorganic chemical vapor deposition ͑MOCVD͒, the as-grown film is highly resistive because the Mg acceptors form electrically inactive Mg-H complexes via reaction with hydrogen, the origin of which is the ammonia gas used during MOCVD growth. 2 Therefore, an additional postgrowth treatment is required to activate the Mg acceptors in order to achieve p-type conductivity. Such treatments include low-energy electron beam irradiation, 3 thermal annealing in a nitrogen ambient, 4 nitrogen plasma treatment, 5 and microwave treatment. 6 Recently, two reports have appeared on the effect of excimer laser irradiation on GaN:Mg. 7, 8 However, they reported only on the cathodoluminescence and photoluminescence ͑PL͒ emission characteristics of Mg-doped GaN thin films irradiated by an excimer laser irradiation under an air ambient condition. In this study, we found that, when a laser irradiation is carried out in an oxygen-containing environment, a thin insulating layer of oxide is formed on the surface of GaN:Mg, hindering the characterization of the electrical properties of the GaN:Mg. We believe, therefore, that it might have been difficult for them to study the electrical property of GaN:Mg since they conducted the excimer laser irradiation experiment in air. In this work, we have performed a pulsed KrF ͑248 nm͒ excimer laser irradiation on GaN:Mg in various gas atmospheres and investigated the effects of laser energy density and the number of laser pulses on the electrical activation of Mg acceptors as well as the PL characteristics of Mg-doped GaN films. The result suggested that the pulsed KrF excimer laser irradiation can be used to obtain a high p-type conductivity in GaN:Mg film. In addition, it has viable potential for a high-speed activation process and also a selective area activation process on the device compared to the conventional rapid thermal annealing ͑RTA͒ process.
II. EXPERIMENT
The Mg-doped GaN epitaxial films used in this study were grown on c-face ͑0001͒ sapphire substrates by lowpressure MOCVD in a vertical high-speed rotating reactor ͑Emcore D-125™͒. Trimethylgallium and ammonia were used as the precursor materials of Ga and N, respectively. The Mg-dopant source was biscyclopentadienylmagnesium. The growth structure was composed of a 30 nm thick GaN nucleation layer grown at 560°C and a subsequent 1 m thick Mg-doped GaN epitaxial layer grown at 1020°C. The details of the growth method have been described elsewhere. 9 As-grown Mg-doped GaN films were highly resistive at room temperature. The highly resistive Mg-doped GaN samples, with a size of 5ϫ5 mm 2 , were irradiated by a pulsed KrF ͑248 nm͒ excimer laser under the three different ambient conditions; nitrogen ͑500 Torr͒, oxygen ͑500 Torr͒, and a vacuum (ϳ10 Ϫ3 Torr͒. The electrical and optical properties of samples were then investigated as a function of the laser energy density and the number of KrF excimer laser pulses. The KrF excimer laser has a pulse duration of 25 ns at a repetition rate of 5 Hz. The use of a beam homogenizer allowed a uniform irradiance profile of 6ϫ6 mm 2 to be maintained on the sample surface. The energy density of the KrF excimer laser was varied by defocusing the laser light using Author to whom correspondence should be addressed; electronic mail: sjpark@kjist.ac.kr an optical lens. A room-temperature Hall effect measurement was carried out using an In/Zn contact alloy scheme, in conjunction with van der Pauw geometry. The surface of GaN:Mg was examined by scanning electron microscope ͑SEM͒, in order to investigate the laser induced damages on the surface of GaN film. The PL was measured at room temperature using a 325 nm line of a He-Cd laser as the excitation source. The PL was dispersed with a 1 m double monochromator and processed using time-correlated singlephoton-counting electronics.
III. RESULTS AND DISCUSSION
The hole concentrations of the GaN:Mg thin films, which were irradiated at various energy densities of the KrF excimer laser under two different ambient gases, are tabulated in Table I . The KrF excimer laser irradiated the GaN samples with 600 pulses at a repetition rate of 5 Hz. The GaN samples which were irradiated under the oxygen ambient did not show any improvement in electrical properties, indicating that the GaN:Mg surface was probably oxidized by the oxygen, during laser irradiation. However, when the GaN:Mg samples were irradiated in a nitrogen ambient, all samples showed a p-type conductivity. The highly resistive character of GaN:Mg arises from the formation of Mg-H complexes and the calculated dissociation energy barrier for the Mg-H complex is about 1.5 eV. 10 Therefore, the KrF excimer laser light with a photon energy of about 5 eV is easily able to activate the Mg acceptors in GaN:Mg by dissociating the Mg-H complexes in the GaN:Mg film. However, in order to obtain a p-type conductivity, it is very important to avoid the recapture of hydrogen by the activated Mg acceptors. The hydrogen, which was released from the Mg with the help of high photon energy of the laser, should be diffused to the surface or into the substrate, or, be neutralized at the extended defects. The results shown in Table I show that the hole concentrations of GaN:Mg are increased up to 4.42ϫ10 17 cm Ϫ3 with increasing energy density of the laser. As a reference, a GaN:Mg film was annealed by a conventional rapid thermal annealing process at 950°C for 1 min which is the optimized condition in our laboratory and a hole concentration of 3.14ϫ10 17 cm Ϫ3 was obtained. These results indicate that the excimer laser irradiation is comparable or slightly superior to the thermal annealing method on the activation of Mg acceptors in Mg-doped GaN film. The laser activation process can be divided into the dissociation of Mg-H complexes by the high photon energy of the excimer laser and the thermal diffusion of the hydrogen out of the sample by the laser induced temperature rise in the sample.
For the purpose of device application, the effect of laser energy density on the surface morphology of a GaN:Mg thin film was extremely important. Figure 1 shows crosssectional scanning electron microscopy ͑SEM͒ images of two GaN:Mg samples irradiated by an energy density of 590 mJ/cm 2 and 525 mJ/cm 2 , respectively. The surface of GaN:Mg was not modified by an energy density of up to 525 mJ/cm 2 . However, damage to the surface of the GaN:Mg was evident, when the sample was irradiated at a laser energy density of 590 mJ/cm 2 . We conclude that the GaN surface was ablated at a laser energy density of around 590 mJ/cm 2 . Therefore, it will be necessary to determine the optimum laser energy density, in order to effectively enhance p-type conductivity of GaN:Mg with no surface modification.
Room-temperature PL spectra were also obtained, in order to understand the effect of a KrF excimer laser irradiation treatment on the optical properties of GaN:Mg thin films. Figure 2 shows the room-temperature PL spectra of GaN:Mg irradiated by various energy densities of the KrF excimer laser with 600 pulses at a repetition rate of 5 Hz. The PL spectrum of as-grown GaN:Mg was very similar to that of the sample irradiated at a laser energy density of 340 mJ/cm 2 . As shown in Fig. 2 all PL spectra showed two PL peaks at 2.95 eV and 2.7 eV. The difference in the position of both peaks compared with the PL peak position of GaN:Mg, as reported by other research groups, 11, 12 is likely due to the high excitation intensity ͑200 W/cm 2 ) of the He-Cd laser used in our PL apparatus. It has been reported that the wellknown 2.8 eV band from GaN:Mg is shifted to the higherenergy side with an increase in excitation density, as a result of the donor-acceptor pair ͑DAP͒ recombination character.
11
The 2.95 eV band was distinctly shifted to a lower energy of 2.85 eV when the excitation laser density was decreased. Therefore, these results suggest that the origin of the 2.95 eV band is the DAP recombination of the acceptor Mg Ga and the donor Mg Ga -V N . 5, 11 As shown in Fig. 2 , the peak intensity . However, the intensity of the 2.95 eV band was significantly decreased as the energy density of the KrF excimer laser was increased to over 555 mJ/cm 2 . This reduction in the intensity of the 2.95 eV band over 555 mJ/cm 2 can be attributed to slight surface modification induced by laser irradiation. As shown in Fig. 1͑a͒ , the surface of GaN:Mg which was irradiated at the energy density of 630 mJ/cm 2 was significantly deteriorated while the surface morphology of the GaN:Mg irradiated at the energy density of 525 mJ/cm 2 was very smooth. The laser energy density of 550 and 590 mJ/cm 2 can give rise to the surface modification of GaN:Mg, leading to the reduction of the PL intensity which is highly sensitive to the surface state of the sample. However, the hole concentration would not be severely affected by the near-surface damages because it is mostly related to the bulk property of the film.
In the case of the 2.7 eV band, the origin of this peak was not clearly understood at present. We speculate that the band might also be related to another type of DAP recombination 8 since it showed a behavior similar to that observed for the 2.95 eV band.
When GaN:Mg thin films were irradiated by the KrF excimer laser in a vacuum (ϳ10 Ϫ3 Torr͒ at the same laser conditions used for the nitrogen ambient, all samples showed low hole concentrations of 2 -3ϫ10 16 cm
Ϫ3
. This result clearly indicates that a nitrogen ambient is required to obtain a high hole concentration of GaN:Mg during the laser irradiation treatment. It appears that the laser irradiation of GaN:Mg in a vacuum stimulates a nitrogen loss from the sample surface and this preferential evaporation of nitrogen is significantly suppressed in a nitrogen environment, resulting in an increase in a hole concentration. Considering that the 2.95 eV band is related to the DAP recombination of Mg Ga and Mg Ga -V N , this reflects that the increase in the PL intensity of the 2.95 eV band with increasing laser energy density is due to the activation of Mg acceptors 13 through the dissociation of Mg-H complexes during laser irradiation and the subsequent formation of Mg Ga acceptors.
To further investigate the effect of the KrF excimer laser pulsation, laser irradiation was conducted on GaN:Mg by varying the number of pulses with a repetition rate of 5 Hz at a constant energy density of 525 mJ/cm 2 . Figure 3 shows that the intensity of the PL peaks are increased with increasing number of pulses up to 1000, but that a further increase gives rise to a severe reduction in PL intensity. The dependence of hole concentration on the number of laser pulses was also similar to that of the PL intensity. These results confirm that Mg acceptors can be activated by laser irradiation, but that too much exposure of the sample to the laser irradiation leads to the surface damage of GaN:Mg, probably due to laser ablation of the sample surface.
In previous research, we reported that the hole concentration of GaN:Mg thin film is decreased with time when the film is rapidly thermally annealed over 900°C due to the compensation effect from preferential nitrogen desorption in the surface, even though the thermal activation of Mg-H complex can be enhanced. 9 The maximum attainable hole concentration was around 4 -5ϫ10 17 cm Ϫ3 . In this study, it has been shown that a KrF ͑248 nm͒ excimer laser irradiation is able to effectively dissociate the Mg-H complexes with the help of a high level of photon energy and to subsequently diffuse out hydrogens, giving rise to p-type conductivity of GaN:Mg. Therefore, it is believed that the pulsed KrF excimer laser irradiation can be used to further increase the hole concentration of GaN:Mg, which had been rapidly thermally annealed, because laser irradiation with a pulse duration time of 25 ns at a repetition rate of 5 Hz can enhance the activation of GaN:Mg with no nitrogen loss from the sample surface. The GaN:Mg showed a very high hole concentration of 9.42ϫ10 17 cm Ϫ3 when it was rapidly thermally annealed at 950°C for 1 min and subsequently irradiated by the excimer laser at an energy density of ϳ450 mJ/cm 2 , which was chosen so as not to cause surface damage to the sample. RTA at 950°C for 1 min itself endowed as-grown GaN:Mg with a hole concentration of 3.14ϫ10 17 cm
.
IV. CONCLUSIONS
The electrical and optical properties of GaN:Mg which was irradiated by a pulsed KrF ͑248 nm͒ excimer laser in nitrogen and oxygen ambient, or in a vacuum (ϳ10 Ϫ3 Torr͒ was investigated. A hole concentration of 4.42ϫ10 17 cm
Ϫ3
was obtained in samples which were irradiated by the exci- mer laser at an energy density of 590 mJ/cm 2 in a nitrogen ambient. In particular, GaN:Mg, which was irradiated by the excimer laser following the RTA process, showed a very high hole concentration of 9.42ϫ10 17 cm Ϫ3 . An examination of PL peaks as a function of laser energy density suggests that the Mg-H complexes are dissociated and the hydrogens are removed from the sample as the result of laser irradiation. These results indicate that a pulsed KrF excimer laser irradiation in a nitrogen ambient is extremely effective in activating the Mg acceptors and improving p-type conductivity by suppressing the preferential evaporation of nitrogen from the sample surface.
